Background
by preventing activation of the anaphase-promoting complex (APC) [6, 7] . The APC is an E3 ubiquitin ligase Recent evidence from many laboratories has identified the metaphase/anaphase transition in the cell cycle as a that targets mitotic cyclins and regulators of chromatid cohesion for degradation by the proteosome pathway at target of multiple checkpoint controls. Most extensively studied has been the spindle assembly checkpoint, also the metaphase/anaphase transition [8] . Regulation of the APC is complex. Early genetic screens in budding yeast known as the kinetochore attachment checkpoint (for review see [1] ). This checkpoint is thought to measure identified seven genes, BUB1, 2, 3, (budding uninhibited in benzimidazole) [9] , MAD1, 2, 3 (mitotic arrest deficient microtubule tension or occupancy on kinetochores [2, 3] , and a single unattached kinetochore is sufficient to acti-
[10]), and MPS1 (monopolar spindle) [11, 12] that function in the checkpoint (for reviews see [13, 14] Rsk inhibit activity of the APC and thereby prevent degradation of cyclin B [40] . that prevents activation of the APC (for review see [8, 13, 14] ). In yeast, dominant Bub1 alleles block anaphase
In this report, we define a link between the MAPK pathonset, and loss of function of Bub1 abrogates the spindle way and a genetically defined component of the kinetocheckpoint [9, 15] . Bub1 and the kinetochore attachment chore attachment checkpoint, the protein kinase Bub1. checkpoint become activated not only upon disruption of Bub1 undergoes activation and a phosphorylation-depenthe mitotic spindle but also early in mitosis during every dent mobility shift during oocyte maturation that requires cell cycle, which assures stable attachment of spindle mithe activity of the MAPK pathway. Furthermore, p90
Rsk , crotubules to kinetochores and proper chromosome segrea downstream target of MAPK, directly phosphorylates gation [16, 17] . Bub1 and Bub3 are thought to interact Bub1 and increases its protein kinase activity in vitro. directly and are upstream in the pathway, whereas Mad1, 2, and 3 are more downstream in the signaling cascade Results [15] . If kinetochores are not stably bound to microtubules,
Cloning of Xenopus Bub1
Mad2, Bub1, and Bub3 localize to kinetochores, and Mad2
The Xenopus isoform of Bub1 (xBub1) was cloned by PCR interacts physically with Cdc20 (p55CDC, fizzy), an actifrom a ZAPII Xenopus oocyte library as described in vator of the APC [16, 18, 19] . Mad2 binding to fizzy Materials and methods. The sequence contains an open prevents APC activation and thereby inhibits degradation reading frame of 3408 nucleotides (1136 amino acids) and of chromatid cohesion regulators and cyclin B, halting exit a 5Ј untranslated region (UTR) of 89 nucleotides with from mitosis [6, 7, [20] [21] [22] . Although it has been shown stop codons upstream of the ATG in all reading frames. recently that Bub1 and Bub3 form a complex with Mad1
The 3Ј UTR consists of 313 nucleotides including a poly(A) [17] , it is not clear how the signal from unattached kinetotail. Sequence comparison between the human and Xenochores is transmitted to MAD2 and the APC.
pus isoforms reveals 54% similarity over the whole protein and 77% similarity in the kinase domain (Figure 1 ). In addition to Bub1, several other protein kinases are implicated in activation of the APC. One example is pololike kinase, which localizes on kinetochores in metaphase
Bub1 localizes to kinetochores in mitosis and meiosis
To study xBub1 localization during mitosis, we immuno- [23] [24] [25] . In Xenopus egg extracts, kinase-dead Plx1 blocks activation of the APC [25, 26] , and in mammalian cells, stained Xenopus A6 cells (data not shown) and embryos (Figures 2a-c) with a polyclonal antibody against Xenopus DNA damage in mitosis blocks APC activation in part by deactivation of Plk [27] . Other work has implicated the Bub1. We observed Bub1 staining of kinetochores in mitotic prophase and metaphase in both A6 cells and em-MAPK pathway in the spindle assembly checkpoint. In Xenopus egg extracts and in XTC cells, the ability of nocobryos. No xBub1 staining was observed after metaphase in cultured cell lines, whereas greatly reduced Bub1 imdazole to cause metaphase arrest depends on the MAPK pathway [28] [29] [30] , and in mammalian cells, active MAPK munoreactivity was still evident on kinetochores of embryonic cells in anaphase (Figure 2c ). Since embryos beenters the nucleus and localizes to spindle poles and kinetochores during mitosis despite low activity elsewhere fore the midblastula transition (MBT) are not able to execute a kinetochore attachment checkpoint arrest of in the cell [31, 32] . MAPK activity on kinetochores is high in prophase and is reduced once attachment of microtuthe cell cycle in response to nocodazole [41, 42] , we also compared kinetochore localization of xBub1 in embryos bules to kinetochores is complete [31, 32] ; it remains high if spindles are disrupted by microtubule-depolymerizing before and after the MBT. In both cases, a similar cell cycle-dependent localization of xBub1 to kinetochores agents. Although it has been proposed that MAPK promotes the spindle checkpoint by interfering with APC during early mitosis was observed (data not shown), indicating that xBub1 localizes to kinetochores independently activation [31] , it is not known if, or how, MAPK is functionally linked to proteins of the kinetochore attachment of the presence of a functioning checkpoint. To test whether xBub1 is present at potential sites of checkpoint checkpoint such as Bub1 and 3; Mad1, 2, and 3; and fizzy. control in meiosis, the localization of xBub1 during oocyte During progesterone-induced Xenopus oocyte maturation, maturation was studied. In metaphase of both meiotic the MAPK pathway is activated (for review see [33] ).
divisions, strong kinetochore staining was detected (FigOocytes go through two meiotic divisions and arrest with ure 2d,e). an intact spindle in metaphase of meiosis II due to an activity defined as cytostatic factor (CSF) [34] . The xBub1 becomes phosphorylated and activated during oocyte maturation MAPK pathway is required for establishing meiotic arrest in metaphase II by CSF [33, [35] [36] [37] . Recently, we and
We examined the abundance of xBub1 protein during oocyte maturation ( Figure 3a) (Figure 3a , third panel). Also at the same time, and 2). In S. cerevisiae, Bub1 becomes transiently phoscyclinB/Cdc2 became activated, shown as a loss of inhibiphorylated during mitosis or upon activation of the kinetotory phosphorylation on Tyr15 (Figure 3a , lower panel), chore assembly checkpoint with nocodazole, causing an which correlates with an increase in histone H1 kinase electrophoretic shift that can be reversed by treatment activity. with phosphatase [17] . Likewise, the shift of xBub1 was reversed by phosphatase (Figure 3b ), indicating the To determine whether the phosphorylation and shift of Bub1 reflects activation of the enzyme, we measured the activated (Figure 3 ), and since activation of the spindle kinase activity of immunoprecipitated endogenous Bub1 assembly checkpoint in egg extracts [28, 29] and XTC using histone H3 as a substrate (Figure 3c ). Activity of cells [30] is MAPK dependent, we reasoned that the Bub1 increased several-fold between stageVI and GVBD MAPK pathway might be responsible for phosphorylation as shown both by increased autophosphorylation and by of xBub1, particularly since in mammalian cells MAPK phosphorylation of histone H3. The increase in Bub1 activity on kinetochores declines once spindle assembly activity at GVBD appeared to be greater than could be is complete and is increased during spindle checkpoint accounted for by the increase in level of Bub1. This result activation [31, 32] . We added 35 S-labeled Bub1 protein, suggests that the electrophoretic shift of Bub1 reflects produced in a reticulocyte lysate, to interphase egg exphosphorylation-dependent activation.
tracts and monitored the time course of Bub1 phosphorylation by electrophoretic shift. In the control extract, exogSince Bub1 has been reported to be in a complex with enous Bub1 did not shift, the MAPK pathway was not Bub3 in other systems [43] , it was important to determine activated, and cyclin B/Cdc2 histone H1 kinase activity whether a physical interaction also exists in Xenopus ooremained low ( Figure 5 ). When 50 ng bacterially produced cytes. Therefore, we cloned xBub3 by PCR as described Mos protein, an oocyte MAPKKK, was added, active in Materials and methods, and we expressed in oocytes MAPK reactivity was detected. p90
Rsk , a downstream tarmyc-tagged xBub3 either alone or with untagged xBub1.
get of MAPK, underwent a mobility shift, which is known Expressed and endogenous xBub1 were precipitated with to reflect activation [44] , at the same time, and xBub1 affinity-purified Bub1 antibodies, and the immunoprecipshifted into its high activity, phosphorylated form. U0126, itates were Western blotted with anti-myc antibody to a potent and specific inhibitor of MEK1 [40, 45] , predetect coprecipitated Bub3. Myc-tagged xBub3 was revented activation of the MAPK pathway by Mos protein covered in a complex with both ectopic and endogenous and inhibited the shift of radiolabeled xBub1. These reBub1 ( Figure 4) . We conclude that, as previously reported sults indicate that Bub1 phosphorylation and activation for yeast and human cells, Bub1 exists as a complex with are a downstream consequence of MAPK activation. Bub3.
Previous results have shown that in oocytes, a downstream
The MAPK pathway is responsible for activation of Bub1 target of MAPK, p90 Rsk , is the sole mediator of several Since Bub1 becomes phosphorylated during oocyte maturation at the time when the MAPK pathway becomes important functions of the MAPK pathway. These include Bub1 and Bub3 exist in a complex. Phosphorylation of Bub1 is dependent on the MAPK pathway. CSF extracts were prepared as described [49, 50] and released from metaphase arrest by addition of 0.6 mM CaCl 2 . To prevent reactivation of MPF, 50 g/ ml cycloheximide was added with the CaCl 2 . At 45 min after the addition of Ca 2ϩ and cycloheximide, 35 S-labeled Bub1 protein was added, indicated as the 0 min time point. The electrophoretic mobility shift of 35 indicates that MAPK activity is required for execution of the checkpoint. Although intact eggs and early embryos (Figure 7a ). This is not surprising, inasmuch as a 160 kDa protein such as Bub1 contains consensus motifs for have insufficient DNA for checkpoint control by nocodazole addition, it can be obtained experimentally in egg phosphorylation by multiple kinases. To determine if any of these phosphorylation events regulate Bub1 activity, extracts by addition of a large number of nuclei prior to treatment with nocodazole [28, 29] , and under these Bub1 purified from Sf9 cells on Talon beads was first incubated with each of the above mentioned kinases in conditions the MAPK pathway is activated. The addition of MAPK phosphatase to egg extracts in which the kinetothe presence of cold ATP to allow phosphorylation of Bub1. Subsequently, the activating kinases were rechore attachment checkpoint is activated abrogates the checkpoint [28] , as does immunodepletion of MAPK [29] . moved, and Bub1 activity was assayed with histone H3 as substrate. Only p90
S-labeled
Rsk activated Bub1WT significantly, In addition, treatment of the extract with PD98059, an inhibitor of MAPK kinase [46], compromises establishwhereas a kinase-inactive form of Bub1 (Bub1KM) did not become activated (Figure 7b) . Also, incubation of ment of the checkpoint. A similar role for MAPK is thought to operate in somatic cells, inasmuch as activated xBub1WT with kinase-inactive p90
Rsk did not result in activation of Bub1 activity toward histone H3 ( Figure  MAPK is present on kinetochores at metaphase [31, 32] , and injection of MAPK phosphatase into tissue culture 7c). Treatment with phosphatase removed all radiolabel from Bub1 after phosphorylation by Rsk (data not shown) cells blocks checkpoint activation [30] . Moreover, it has been reported that MAPK activity on kinetochores is reand deactivated the enzyme as judged by phosphorylation of histone H3 (Figure 7c ). These results demonstrate that duced once spindle assembly is complete but remains high if the spindle checkpoint is activated by microtubulep90 RSK directly activates Bub1 by phosphorylation. depolymerizing agents [31, 32] . At anaphase, no active MAPK can be detected on kinetochores.
Discussion
In this study, we focused on the relationship of the MAPK pathway, which regulates metaphase arrest by CSF in In meiosis II, vertebrate oocytes undergo a special form of metaphase arrest caused by CSF, an activity that is as vertebrate eggs, to the kinetochore attachment/spindle assembly checkpoint. In budding yeast, this checkpoint yet uncharacterized on the molecular level. Although CSF activity normally disappears after fertilization [34] , CSFhas been defined as a genetic hierarchy of Bub and Mad proteins that regulate APC activation [1], an event redependent metaphase arrest can be induced in cells after fertilization by Mos, MEKDD, thiophosphorylated MAPK, or a constitutively active form of p90 Rsk , even though a nocodozole-sensitive checkpoint is absent [35] [36] [37] 39] . not treated with phosphatase (as indicated ) before assay of histone H3 kinase activity, as described in Materials and methods.
Our results establish a link between the MAPK pathway and the protein kinase Bub1, a genetically identified element of the spindle assembly checkpoint. Bub1 undergoes a phosphorylation-dependent mobility shift correactivation even in the presence of UO126. Moreover, in vitro kinase assays using Bub1 as a substrate clearly sponding to activation of the enzyme shortly before GVBD as a consequence of activation of the MAPK pathshowed that p90 Rsk directly phosphorylates Bub1 and increases its activity in vitro, indicating that Bub1 is a direct way, and it remains in this activated form throughout meiosis I and II. A hyperactive form of p90
Rsk caused downstream target of p90
Rsk .
Figure 8
The pathway of CSF arrest at metaphase. The model proposes the activation of Bub1 as the target of the Mos/MAPK/Rsk pathway for inhibition of the APC and CSF arrest at metaphase. The action of Bub1 to promote metaphase arrest could involve established interactions with Mad proteins and Cdc20 (fizzy) to inhibit APC activity or, alternatively, could be mediated by interaction of Bub1 with other components in a novel pathway designated "CSF" that would also result in APC inhibition and metaphase arrest.
Although some of the protein components of the spindle
Materials and methods

Cloning of Xenopus Bub1 and Bub3
assembly checkpoint, such as Mad1, 2, 3 and Fizzy, have
The Xenopus homolog of Bub1 was cloned by PCR using the degenerate previously been reported to be present in Xenopus eggs, activity on kinetochores is reduced after completion of microtubule attachment [31, 32] . In the case of oocytes,
Plasmids and constructs
however, Mos expression ensures that very high MAPK/
The open reading frame of xBub1 was amplified by PCR with primers
Rsk activity is present throughout the cell in meiosis II 5Ј-GACGACGACAAGATGGATCTACAGAGTCAGGCA-3Ј and 5Ј-GAG GAGAAGCCCGGTTTTGCGGGAAGGCTTGTTCTC-3Ј. The PCR proddespite the presence of a complete spindle; this pathway uct was cloned into pCS2ϩ or pCS2ϩMyc-tag (MT) vectors modified might activate the checkpoint to block cell cycle progres- tubule-destabilizing drugs. We have shown that xBub1 is also activated during the CSF-induced arrest of meiosis xBub3 was cloned into pCSMTLIC using the strategy described above II and that the MAPK pathway mediates this activation arrest by CSF may be mediated in part by p90 Rsk -dependent phosphorylation and activation of Bub1. These find-
RNA production and injection of oocytes
Bub1 and Bub3 mRNA were produced from NotI-linearized pCSLICings also provide a molecular mechanism for the proposal Bub1, pCSMTLIC Bub1, or pCSMTLICBub3 plasmids using the SP6 [31] that active MAPK on kinetochores in many somatic mMessage mMachine kit (Ambion). mRNA (30-50 ng) in 30-50 nl water cell types promotes the spindle assembly checkpoint by was injected into stage VI oocytes. Oocytes were allowed to express protein overnight at 18ЊC. To obtain oocytes that had undergone GVBD, interfering with APC activation.
Research Paper Bub1 activation by p90
Rsk Schwab et al. 149 10 g/ml progesterone was added the next morning to induce maturaImmunofluorescence tion. Oocytes were frozen at the desired time points and kept at Ϫ80ЊC Embryos and oocytes were fixed in 100% methanol for 2 hr at room until assay.
temperature and then transferred into 20% DMSO in methanol and incubated overnight at Ϫ20ЊC. Specimens were then rehydrated, bleached with 10% hydrogen peroxide in 50 mM Tris-HCl (pH 8) and
Antibodies and Western blotting
preblocked with 5% BSA in TBS, 0.1% Triton X-100 for 3-4 hr at The antibody against xBub1 was produced by immunization of rabbits room temperature. Embryos and oocytes were incubated with primary with bacterially produced His 6 -tagged polypeptides containing amino antibodies in 5% BSA in TBS, 0.1% Triton X-100 overnight at room acids 115-407 and 466-965 of Bub1. Serum was purified by affinity temperature, followed by five washes with TBS, 0.1% Triton X-100 within chromatography on a resin coupled to the polypeptides used for immuni-8 hr. Secondary antibodies (goat anti-rabbit-Cy3, goat anti-mouse Cy5 zation. For SDS-PAGE and Western blotting, oocytes and embryos were
[Jackson], and goat anti-mouse Alexa 488 [Molecular Probes]) were lysed in EB (50 mM Tris-HCl [pH 7.4], 80 mM ␤-glycerophosphate, 20 diluted in 5% BSA in TBS, 0.1% Triton and incubated with oocytes and mM EDTA, 1 mM DTT, 3M microcystin LR, 0.2% Triton X-100) and embryos for at least overnight at room temperature. After five washes centrifuged at 10,000 ϫ g for 5 min. In general, extract supernatant with TBS, 0.1% Triton the specimens were rinsed once with 0.5ϫ TBS, corresponding to 1 oocyte was loaded per lane. For Bub1 Western followed by overnight incubation with Sytox green (Molecular Probes) blots, the proteins on the gels were transferred to nitrocellulose by wet 1:10 000 in 0.5ϫ TBS. Embryos and oocytes were washed once with transfer for 1 hr at 100V (transfer buffer: 25 mM Tris, 192 mM glycine, 0.5ϫ TBS for 30 min before dehydration with increasing percentages 0.005% SDS, 10% methanol). The membrane was blocked with 10% of methanol. After three changes of 100% methanol, the oocytes and dry milk in TBS, 0.1% NP-40 for 30 min. Incubation with affinity-purified embryos were cleared with Murray's solution (benzylbenzoate:benzylalBub1 antibody was overnight at 4ЊC, followed by three washes with cohol 2:1) and mounted onto slides. The specimens were analyzed with TBS 0.1% NP-40, 500 mM NaCl. Secondary antibodies (goat anti-rabbita Nikon PCM 2000 confocal microscope. HRP conjugate [Jackson] ) were used at 1:20000 in TBS containing 0.1% NP-40. After five washes with TBS containing 0.1% NP-40, 500 mM NaCl, the signal was developed with the Renaissance chemiluminiscence 
Purification of Bub1 expressed in Sf9 cells
